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We present time-of-flight neutron total scattering and polarized neutron scattering measurements
of the magnetically frustrated compounds NaCaCo2F7 and NaSrCo2F7, which belong to a class of
recently discovered pyrochlore compounds based on transition metals and fluorine. The magnetic
pair distribution function (mPDF) technique is used to analyze and model the total scattering data
in real space. We find that a previously-proposed model of short-range XY-like correlations with
a length scale of 10-15 A˚, combined with nearest-neighbor collinear antiferromagnetic correlations,
accurately describes the mPDF data at low temperature, confirming the magnetic ground state in
these materials. This model is further verified by the polarized neutron scattering data. From an
analysis of the temperature dependence of the mPDF and polarized neutron scattering data, we find
that short-range correlations persist on the nearest-neighbor length scale up to 200 K, approximately
two orders of magnitude higher than the spin freezing temperatures of these compounds. These
results highlight the opportunity presented by these new pyrochlore compounds to study the effects
of geometric frustration at relatively high temperatures, while also advancing the mPDF technique
and providing a novel opportunity to investigate a genuinely short-range-ordered magnetic ground
state directly in real space.
INTRODUCTION
The pyrochlore network of corner-sharing tetrahedra
provides a versatile platform for studying the novel prop-
erties of geometrically frustrated magnetic systems. In
these systems, the triangular motifs of the lattice pre-
vent the magnetic interactions from being fully satis-
fied, often leading to macroscopic ground-state degen-
eracy and exotic collective excitations [1]. The frus-
trated magnetic interactions may include exchange in-
teractions, anisotropy energies, dipolar interactions, the
Dzyaloshinskii-Moriya interaction, and others. If these
competing interactions are sufficiently balanced, thermal
or quantum fluctuations can prevent long-range mag-
netic order from forming down to exceedingly low or
even zero temperature, resulting in disordered ground
states. Even systems that develop long-range order at
sufficiently low temperature may still exhibit unconven-
tional behavior, such as unusual magnetic symmetries
or exotic mechanisms for the phase transition [2]. The
rare-earth titanate pyrochlores with the chemical for-
mula R2Ti2O7 (R = rare earth) can be taken as exem-
plars of the rich physics resulting from geometric frustra-
tion: Spin ices with magnetic monopole excitations, can-
didate quantum spin liquids with fractional particle exci-
tations, topological order, and phases selected by order-
by-disorder have all been identified among the rare-earth
titanate pyrochlores, stimulating vigorous experimental
and theoretical investigation [2–4].
Recently, a newly discovered family of transition-metal
magnetic pyrochlores based on fluorine rather than oxy-
gen has attracted significant interest [5–11]. These ma-
terials open up new avenues of research into frustrated
magnetism, particularly given the novel addition of mag-
netic 3d transition-metal ions into the structure. Unlike
the rare-earth pyrochlores, in which the relatively weak
interactions among the 4f electrons generally restrict the
most interesting phenomena to millikelvin-scale temper-
atures, the larger interaction strengths of the 3d elec-
trons in these new materials allow frustration-related
physics to be accessed at kelvin scales.
The first of these new fluoride pyrochlores to be syn-
thesized as large single crystals was NaCaCo2F7, fol-
lowed by the similar compound NaSrCo2F7 [5, 6]. In
these materials, the cubic structure (space group Fd3¯m)
hosts two pyrochlore sublattices, one with the Co2+ ions
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2FIG. 1. (Color online) (a) Pyrochlore network of corner-
sharing tetrahedra formed by the Co atoms in NaCaCo2F7
and NaSrCo2F7. The Na and Ca/Sr atoms (not shown) also
form a pyrochlore network. (b) Magnetic moment configu-
rations for the ψ2 and ψ3 basis states of the Γ5 irreducible
representation of the tetrahedral point group.
and the other with the randomly distributed Na+ and
Ca2+/Sr2+ ions. The Co sublattice is shown in Fig. 1(a).
Magnetic susceptibility measurements of NaCaCo2F7 re-
vealed large moments of ∼6.1 µB per Co2+, a Curie-
Weiss temperature of ΘCW = −140 K, and a spin
freezing temperature of Tf = 2.4 K, indicating a high
level of magnetic frustration (f = |ΘCW|/Tf = 58) [5].
NaSrCo2F7 has nearly identical properties, with a mo-
ment size of 5.9 µB, ΘCW = −127 K, and Tf = 3 K [6].
Elastic and inelastic neutron scattering measurements
have been carried out previously on single crystals of
NaCaCo2F7 and NaSrCo2F7 to better understand the
nature of the magnetic ground state [8, 11]. Below Tf ,
the elastic scattering takes the form of diffuse spots,
indicating a genuinely short-range-ordered (SRO) but
highly correlated magnetic ground state. On the ba-
sis of the locations of these diffuse spots as well as sys-
tematic absences of intensity measured in the (HHL)
scattering plane, the proposed magnetic model consists
of SRO XY-type antiferromagnetic (AF) clusters with
correlation lengths of 16.7 A˚ (NaCaCo2F7) and 17.6 A˚
(NaSrCo2F7). These clusters are built from linear com-
binations of the form cos(α)ψ2 +sin(α)ψ3, where ψ2 and
ψ3 are the basis vectors of the Γ5 irreducible represen-
tation (irrep) of the tetrahedral point group for Q = 0
wave vectors. This irrep is two dimensional, so ψ2 and
ψ3 are the only basis vectors. They are illustrated in
Fig. 1(b). The inelastic magnetic scattering below Tf
consists of a low-energy (∆E . 2 meV) signal with a
pattern similar to that of the elastic scattering, indicat-
ing fluctuations within the Γ5 manifold, and a higher-
energy (2 . ∆E . 8 meV) signal consistent with fluc-
tuating collinear AF correlations with a much shorter
correlation length. These distinct inelastic signals were
observed to persist up to at least 14 K (the highest tem-
perature measured), whereas the elastic signal vanished
above Tf .
Finally, the single-ion levels of Co2+ were investigated
by inelastic neutron scattering over much larger energy
transfers (up to 1500 meV) [11]. It was found that the
crystal field splits the d orbitals in such a way that the
lowest-energy orbital is separated from the next closest
level by 30 meV, corresponding to approximately 300 K.
At low temperature, therefore, the higher energy states
are frozen out. By Kramer’s Theorem, the ground state
is doubly degenerate, resulting in a two-state system.
Hence, the system can be described with Jeff = 1/2,
even though the magnitude of the full single-ion moment
is approximately 6 µB for both compounds. This large
moment indicates that both spin and orbital angular mo-
mentum contribute to the magnetism. Consequently, the
single-ion magnetic moment may display an anisotropic
Zeeman splitting in an applied magnetic field. The rank-
two tensor that encodes this anisotropic response, called
the g tensor, was shown in earlier work to cause a sig-
nificantly enhanced Zeeman response in the plane per-
pendicular to the local [111] direction for each ion, and
a much smaller response out of the plane. In such a sit-
uation, the single-ion moments and g tensor are referred
to as XY-like.
Although the previous work provides an excellent
starting point for understanding the frustrated mag-
netism in NaCaCo2F7 and NaSrCo2F7, it would be valu-
able to confirm the proposed XY model through neu-
tron scattering that probes a larger region of reciprocal
space than the single scattering plane examined thus far.
Measurements at higher temperatures that approach or
exceed |ΘCW| ≈ 140 K would likewise be highly infor-
mative. In this work, we present magnetic pair distribu-
tion function (mPDF) analysis [12, 13] of neutron total
scattering measurements up to 50 K and polarized neu-
tron diffraction measurements up to 300 K, both using
powder samples of NaCaCo2F7 and NaSrCo2F7. The
results confirm the model of SRO XY-type correlations
proposed previously and reveal the presence of magnetic
correlations up to 200 K. This work also represents the
first application of the recently developed mPDF tech-
nique to a geometrically frustrated material with a short-
range-ordered magnetic ground state, offering a rare op-
portunity to observe genuinely short-range magnetic cor-
relations directly in real space.
EXPERIMENTAL DETAILS
Single-crystal samples of NaCaCo2F7 and NaSrCo2F7
were grown by the floating zone method as described
in Refs. 5 and 6 and then ground into a fine powder
in a mortar and pestle. Time-of-flight neutron total
scattering measurements of both compounds were per-
formed on the NOMAD instrument at the Spallation
Neutron Source (SNS) of Oak Ridge National Labora-
tory (ORNL) [14]. Polarized neutron diffraction mea-
3surements of NaCaCo2F7 were performed on the D7 in-
strument at the Institut Laue Langevin (ILL) [15], with
the xyz polarization method [16] used to separate the
magnetic, nuclear, and nuclear spin incoherent scatter-
ing cross sections. An incident wavelength of 3.12 A˚ was
used to obtain the maximum momentum transfer possi-
ble on the D7 instrument (Qmax = 3.91 A˚
−1). At both
beamlines, the temperature was controlled using a liquid
helium cryostat.
The total scattering data collected on NOMAD were
reduced and Fourier transformed to the real-space pair
distribution function (PDF) using the automatic data
reduction scripts at the beamline. Any magnetic scatter-
ing present in the data is included in the Fourier trans-
form, and as such, the transformed data contain both
the atomic PDF and the mPDF. The mPDF provides an
intuitive description of the local magnetic structure di-
rectly in real space. Since it is generated from the Fourier
transform of the total scattering, including both Bragg
and diffuse scattering, it is sensitive to long-range and
short-range magnetic correlations. Roughly speaking, a
positive peak in the mPDF at given value of real-space
distance r corresponds to ferromagnetic correlations be-
tween spins separated by that distance, and a negative
peak corresponds to antiferromagnetic correlations. A
detailed derivation and description of the mPDF is pro-
vided in Ref. 12. When the mPDF is obtained by Fourier
transforming the magnetic scattering without normaliz-
ing by the magnetic form factor, as is the case for the
present work, the resulting quantity is broadened out in
real space by a factor of approximately
√
2 times the
real-space extent of the individual local magnetic mo-
ments. We will nevertheless continue to refer to this
as the mPDF in the present work. This is described
in more detail in Ref. 13. Because the focus here is on
the magnetic rather than atomic structure, a conserva-
tive Qmax of 20 A˚
−1 was used for the Fourier transform.
Modeling of the atomic PDF was carried out with the
PDFgui program [17], and the mPDF was modeled with
the open-source package diffpy.mpdf, part of the DiffPy
suite of programs for diffraction analysis [18].
RESULTS AND DISCUSSION
Total scattering measurements and extraction of the
mPDF. We first present the results of the neutron to-
tal scattering experiments performed on the NOMAD
instrument and our subsequent procedure to extract the
mPDF from the data. NaCaCo2F7 was measured at 2 K,
5 K, 15 K, 50 K, and 100 K. The structure function
S(Q) is displayed up to 10 A˚−1 for each of these tem-
peratures in Fig. 2. The magnetic contribution to the
structure function is most visible for the data collected
at 2 K, where a broad hump of diffuse scattering centered
around 1 A˚−1 is visible, matching the position of the dif-
fuse spots observed in the earlier work on a single-crystal
FIG. 2. (Color online). Total scattering structure func-
tion S(Q) for NaCaCo2F7 at various temperatures collected
on the NOMAD beamline, offset vertically for clarity. The
diffuse feature centered around 1 A˚−1 arises from magnetic
scattering and gradually weakens with increasing tempera-
ture.
sample. This feature becomes progressively weaker as
the temperature is raised, although it is still observable
even at 100 K. A more thorough temperature depen-
dence will be presented later with the polarized neutron
diffraction results. Similar total scattering data were ob-
tained for NaSrCo2F7 at 2 K, 15 K, 50 K, and 100 K.
The PDF generated from the 100 K data for
NaCaCo2F7 is shown as gray circles in Fig. 3(a), with
the calculated PDF from the refined cubic model shown
as the blue line and the fit residual shown in gray below.
The model describes the data fairly well, validating the
quality of the sample.
The relative weight of the mPDF to the atomic PDF
in the total PDF signal is given by approximately
Ns
Na
2
3 (
γr0
2 )
2(gJ)2
2pi〈b〉2 , (1)
where Ns and Na are the number of spins and atoms per
unit cell, respectively, γ = 1.913 is the neutron magnetic
moment in units of nuclear magnetons, r0 =
µ0
4pi
e2
me
is the
classical electron radius, the product gJ gives the locally
ordered magnetic moment in units of Bohr magnetons,
and 〈b〉 is the average nuclear scattering length of the
material. For NaCaCo2F7 and NaSrCo2F7 this ratio is
approximately 0.15, assuming fully ordered correlations
between neighboring magnetic moments. Additionally,
the mPDF peaks are broadened by approximately
√
2
times the real-space width of the wavefunctions of the
electrons forming the local magnetic moments, causing
the peak heights of the mPDF to be further reduced by
a factor of ∼4 in NaCaCo2F7 and NaSrCo2F7. Alto-
gether then, the average magnitude of the mPDF signal
in these materials is expected to be less than 5% that of
the atomic PDF.
4Given the relatively small strength of the mPDF sig-
nal compared to that of the atomic PDF, care must be
taken when attempting to extract the mPDF from the
overall PDF data. As has been done in previous studies,
we first refined the atomic structure and subtracted the
best-fit atomic PDF from the data at each temperature.
The resulting fit residuals contain the mPDF as well as
experimental errors, such as imperfect background sub-
tractions or absorption corrections, and any errors re-
maining from the structural model. In some cases, such
as for MnO, the mPDF is much larger than these other
contributions, so the fit residual after subtracting the re-
fined atomic PDF can be used directly for mPDF anal-
ysis. However, this is not the case for NaCaCo2F7 or
NaSrCo2F7; the errors are comparable in magnitude to
the mPDF signal we wish to observe. Additional steps
are therefore required to accurately extract the mPDF.
Recognizing that the fit residuals are dominated by
features that are independent of temperature and there-
fore unrelated to the mPDF, we subtracted the 100-K
fit residual from that of each lower temperature. This
removed the temperature-independent portion of the
fit residuals, leaving the temperature-dependent mPDF.
We note that this is somewhat problematic because a
small amount of magnetic scattering is still present at
100 K, but we expect this to have a minimal impact
on the mPDF data, and it gives us the benefit of re-
moving the larger temperature-independent background
that would otherwise obscure the data. The result of
this procedure for 2 K is illustrated in Fig. 3(b), with
the atomic fit residual at 100 K and 2 K shown as the
red and blue curves, respectively, and the difference be-
tween the two shown as the green curve, offset vertically
and multiplied by two for clarity. Then, noting that the
unnormalized mPDF is dominated by scattering at lowQ
due to the magnetic form factor, we performed a Fourier
filter operation on the difference of fit residuals[i.e., the
green curve in Fig. 3(b)] to remove the high-frequency
components. As the cutoff Q value for the Fourier fil-
ter, we chose the point where the magnetic form factor
is reduced to 1% of its maximal value, which occurs at
8 A˚−1 in these materials. The resulting smoothed signal
is shown as the black curve in Fig. 3(b).
Since the mPDF is quite weak relative to the over-
all scale of the total PDF, it is important to carefully
evaluate its reliability. Multiple considerations reassure
us that the mPDF obtained this way is accurate. First,
it has a structure that is consistent with the expecta-
tions for short-range, primarily antiferromagnetic cor-
relations: the peaks are centered around r values cor-
responding to Co-Co distances, they alternate between
negative and positive values due to the antiferromagnetic
alignment, and their magnitude diminishes with increas-
ing r due to the finite correlation length. Additionally,
the mPDF signal shows a reasonable temperature de-
pendence, gradually decreasing as the temperature rises.
Finally, and most importantly, the mPDF data can be
FIG. 3. (Color online). (a) Atomic PDF refinement for
NaCaCo2F7 at 100 K. The gray circles represent the data,
the blue curve the refined PDF, and the lower gray curve the
fit residual, offset for clarity. (b) Fit residuals for the atomic
PDF refinements at 100 K (red) and 2 K (blue), with the dif-
ference between the two fit residuals shown as the lower green
curve, multiplied by two and offset vertically for clarity. The
lower black curve is the difference in fit residuals after fil-
tering out high-frequency components (see main text). This
difference curve contains the mPDF at 2 K.
modeled to a high degree of accuracy using the SRO
magnetic structure reported previously. The success of
these fits, which we describe below, demonstrates that
the data obtained through this procedure are reliable
and that the proposed magnetic model is accurate.
Modeling the temperature-dependent mPDF. The
mPDF data can be successfully modeled in a straight-
forward manner. Starting with the refined structural
parameters from the atomic PDF fit, we first calculated
the mPDF from a configuration in which every tetra-
hedron has the same arrangement of moments selected
from the linear combination cos(α)ψ2 + sin(α)ψ3, with
some arbitrarily chosen value of α. The mPDF is com-
pletely independent of α, so the particular value used
does not matter. To simulate the short-range nature of
the magnetic correlations, we then applied an exponen-
tial damping function of the form exp(−r/ξ), where ξ
represents the correlation length. The best fit was then
obtained by performing a least-squares refinement of ξ
and an overall scale factor.
The result of this procedure for NaCaCo2F7 at 2 K is
shown in Fig. 4, in which the gray curve is the experi-
5FIG. 4. (Color online) Magnetic PDF refinement for
NaCaCo2F7 at 2 K. The gray curve represents the data, the
blue curve is the best fit using a single-component model con-
taining short-range XY correlations, the black curve shows
the result when a second component with collinear antifer-
romagnetic correlations is included, and the red curve shows
the contribution from this second component, offset vertically
for clarity.
mental mPDF, labeled D(r), and the blue curve the sim-
ulated mPDF. The agreement is quite good for r & 7 A˚,
indicating that this magnetic structure explains well the
magnetic correlations on that length scale. However, the
model provides a very poor fit in the low-r region, specif-
ically the first two Co-Co neighbor distances of ∼3.7 A˚
and ∼6.4 A˚, which suggests that XY correlations alone
cannot fully explain the observed magnetic correlations
on this very short length scale. We also tried a model
in which the decay of the magnetic correlations is Gaus-
sian rather than exponential, but this did not improve
the fit. Instead, a good fit can be obtained by including
as an additional component the mPDF generated from
very short-range collinear AF correlations, with an in-
dependently refined scale factor and correlation length.
The result of this two-component fit, shown as the black
curve in Fig. 4, nicely captures the observed mPDF
across the full range of r. We note that the small os-
cillations not captured by the model can be ruled out
as genuine mPDF features because they are either not
centered around Co-Co distances and/or are too narrow
given that the magnetic scattering was not normalized
by the magnetic form factor before transforming to the
mPDF. The collinear AF component, shown as the red
curve offset vertically downward in Fig. 4, has a refined
scale factor approximately twice that of the XY compo-
nent and is strongly damped for correlations beyond the
second nearest neighbor distance.
This second AF component can be naturally explained
on the basis of the earlier neutron scattering work on a
single-crystal specimen. As mentioned previously, two
distinct patterns were observed in the inelastic chan-
nel at 1.7 K: a low-energy signal with ∆E . 2 meV
arising from fluctuations within the Γ5 irrep, and a
slightly higher-energy signal with 2 . ∆E . 8 meV
due to shorter-range fluctuating collinear AF correla-
tions. Since the NOMAD instrument does not employ
any energy analysis, the PDF data contain information
from both elastic and inelastic scattering, yielding the
equal-time correlation function from static and dynamic
correlations within an instrument-specific effective en-
ergy window. For NOMAD, this energy window is suf-
ficiently large to integrate over both of these bands of
magnetic fluctuations.
The slow fluctuations within the Γ5 manifold would
be indistinguishable from the static clusters, aside from
possible differences in the correlation length. We there-
fore expect that both the static and slowly fluctuating
Γ5 correlations are captured by the mPDF pattern cal-
culated from the simulated XY clusters described above.
However, we attribute the additional mPDF component
at the nearest-neighbor distance to the higher-energy
collinear AF fluctuations. The difference in scale fac-
tors of the two components is consistent with the ratio
of the spectral weight of the elastic and inelastic con-
tributions to the scattering pattern. Inspection of the
fit shown in Fig. 4 shows that this collinear AF compo-
nent is most prominent for the first two Co-Co distances,
indicating that the correlations persist appreciably only
over this short length scale. This agrees with the sug-
gestion from Ref. 8 that the correlation length of the
dynamic collinear AF fluctuations extends across only
one or two tetrahedra. We note that the collinear AF
model used here, which exhibits a reversal of magnetiza-
tion between two of the four tetrahedra in the unit cell,
differs from the model used in the analysis of the single-
crystal, for which all tetrahedra are equivalent. Both
models produce an identical mPDF peak at the nearest
neighbor distance, correcting the main deficiency of the
single-component model, while the model with alternat-
ing magnetization provides a slightly better fit at the
second-nearest neighbor distance. However, the short
correlation length makes it difficult to definitively con-
firm one collinear AF model over the other.
The refined correlation length of the XY clusters de-
termined from the two-component fit is 8.4 ± 0.5 A˚. Sig-
nificant features in the mPDF are visible out to larger
r, such as the peak around 19 A˚, but these are actu-
ally much smaller in magnitude than they would be for
the undamped mPDF pattern. The refined correlation
length for the collinear AF component is 1.9 ± 0.1 A˚.
The XY correlation length we find here is in qualita-
tive but not quantitative agreement with that deter-
mined from the width of the elastic peak measured
from a single-crystal sample at 1.7 K, reported to be
ξ = 16 ± 1 A˚. We attribute the discrepancy between
these results primarily to the fact that the mPDF data
contain not only the elastic scattering from static XY
correlations, but also the low-energy inelastic scattering
from shorter-range dynamical XY correlations, result-
ing in a shorter average correlation length than would
be expected from the purely elastic signal. This is in
6FIG. 5. (Color online) (a) Two-component mPDF fits for
NaCaCo2F7 at various temperatures, offset vertically for clar-
ity. The colored curves represent the data, the black curves
the fits. (b) Refined scale factors for the fits in (a), nor-
malized by the maximal value of the XY component. The
blue squares represent the scale factor for the XY component,
the red triangles for the collinear antiferromagnetic compo-
nent. (c) Refined correlation lengths for the fits in (a), with
blue squares for the XY component and red triangles for the
collinear antiferromagnetic component. (d) - (f) Same as (a)
- (c) but for NaSrCo2F7. In panels (b), (c), (e), and (f),
dashed curves are guides to the eye.
contrast to the single-crystal study, which reported the
correlation length based solely on the elastic scattering.
We further note that the fit can be improved somewhat
by including a third component consisting solely of mag-
netic correlations within [111]-type sheets, providing ten-
tative confirmation of the anisotropic correlation length
suggested by the shape of the diffuse spots in the single-
crystal measurements. However, this additional compo-
nent causes increased correlation between the refined pa-
rameters, so we will use the more robust two-component
model for the remaining analysis.
We now move on to the data collected at higher tem-
perature. The same two-component model was refined
at 5 K, 15 K, and 50 K, resulting in the fits displayed
in Fig. 5(a). The refined scale factors for the XY and
collinear AF components are displayed in Fig. 5(b) as
blue squares and red triangles, respectively, and the
refined correlation lengths are similarly displayed in
Fig. 5(c). Inspection of the data shown in Fig. 5(a) re-
veals that the mPDF collected at 5 K is quite similar to
that collected at 2 K, despite the fact that 5 K exceeds
the spin freezing temperature Tf = 2.4 K. This indi-
cates that the short-range XY order persists just above
Tf in the form of correlated, dynamical fluctuations. At
15 K and 50 K, the mPDF patterns likewise show similar
structure, but with progressively smaller amplitude and
shorter extent in r. These observations are quantified
by the refined the scale factor and correlation lengths
in Fig. 5(b) and (c), respectively. For the XY compo-
nent, the scale factor and correlation length both de-
crease steadily as the temperature is raised. The reduc-
tion of the scale factor is due to stronger uncorrelated
fluctuations of the moments. The short-range collinear
AF correlations remain nearly unchanged from 2 K to
15 K, but at 50 K, they have weakened considerably and
are comparable in magnitude to the XY correlations.
The data at 50 K are approaching the limits of our abil-
ity to distinguish the mPDF signal from the noise in the
data. Nevertheless, these data show that magnetic corre-
lations are still present at 50 K, significantly higher than
the highest temperature previously studied (14 K). [8]
From the polarized neutron scattering data that will be
presented shortly, we will see that in fact correlations
persist up to 200 K.
The results presented so far are fully consistent with
the previous single-crystal neutron scattering measure-
ments of NaCaCo2F7. Next, we consider the data col-
lected from NaSrCo2F7, which we analyzed in precisely
the same way. The best fit at 2 K using the two-
component model is shown as the lowest set of curves in
Fig. 5(d), with the black curve representing the fit and
the gray curve the data. As with NaCaCo2F7, the XY
model fits the data well for r & 7 A˚, but the collinear AF
component is necessary to fully capture the data at lower
r, particularly the strong negative peak at the nearest-
neighbor distance. Note that the sharp peak around 5 A˚
not captured by the model is an artifact from the sub-
traction of the high-temperature fit residual. It is too
sharp to be an mPDF peak; moreover, there are no pairs
of Co atoms separated by that distance, so it cannot
come from any magnetic correlations. The refined cor-
relation length of the XY component for NaSrCo2F7 is
8.7 ± 0.4 A˚. This is again shorter than the previously re-
ported length of 17.6 A˚. The temperature dependence of
the mPDF data for NaSrCo2F7, seen for 15 K and 50 K
in Fig. 5(d), is very similar to that of NaCaCo2F7. The
main difference is that the negative peak at the nearest-
neighbor distance at 50 K is stronger in NaSrCo2F7 than
NaCaCo2F7, suggesting that the dynamical collinear AF
7correlations are more robust in the former compound
than in the latter. The refined scale factors and corre-
lation lengths for the XY and collinear AF components
are displayed in Fig. 5(e) and (f) as blue squares and red
triangles. From this analysis, we draw the expected con-
clusion that the magnetic properties of NaCaCo2F7 and
NaSrCo2F7 are essentially identical, in agreement with
recent work on single-crystal samples [11].
Robustness of the mPDF modeling. A natural ques-
tion arising from the preceding analysis is whether the
mPDF data alone are sufficient to determine the local
magnetic structure of NaCaCo2F7 and NaSrCo2F7, or
whether prior knowledge, such as that provided by the
single-crystal neutron scattering measurements, is neces-
sary to obtain a successful model. To investigate this, we
performed a series of unconstrained refinements in which
the known magnetic structure was not enforced. For
the first of these unconstrained refinements, the orienta-
tions of all 16 magnetic moments in the unit cell were re-
fined simultaneously and independently from each other,
with the initial configuration consisting of completely
randomly oriented moments. In addition to the 32 free
parameters defining the 16 independent moment direc-
tions, we refined an exponential correlation length and a
scale factor. The result of this fit for NaSrCo2F7 at 2 K is
shown in Fig. 6(a). The fit performs fairly well but is un-
able to capture all the features at higher r. Inspection of
the configuration of refined magnetic moments reveals a
tendency for the four tetrahedra in the unit cell to share
a similar magnetic configuration, with one exception: on
one of the tetrahedral sites, the moments on two of the
tetrahedra are nearly parallel to each other but antiparal-
lel to the moments on the corresponding site of the other
two tetrahedra, forming an approximately collinear AF
arrangement. This is seen clearly in Fig. 6(b), where the
four tetrahedra have been projected onto a single tetra-
hedron and averaged together. The average moment on
one of the tetrahedral sites (lower-right position in the
figure) is dramatically reduced due to this collinear AF
arrangement. The other three average moments align
roughly with a linear combination of ψ2 and ψ3, with
the dot product of each spin with its match from the Γ5
manifold coming to approximately 0.8.
This result, obtained without any prior assumptions
aside from the absence of any ordering vector that
changes the size of the unit cell, already hints at a
two-component model consisting of XY-type correlations
from the Γ5 manifold and collinear AF correlations. Tak-
ing this a step further, we performed another refinement
in which all 16 moments were freely refined, but we in-
cluded a second component with the collinear AF ar-
rangement enforced. We refined a scale factor and cor-
relation length for each component in addition to the
directions of the 16 unconstrained moments. This pro-
duces the fit shown in Fig. 6(c). In this case, the fit is
excellent over the whole range. Furthermore, the uncon-
strained moment directions naturally converge to a con-
FIG. 6. (Color online) (a) Magnetic PDF refinement of an
unconstrained model where the direction of each magnetic
moment in the unit cell is freely refined. The gray curve rep-
resents the data from NaSrCo2F7 at 2 K and the black curve
is the fit. (b) Refined magnetic moments projected onto a
single tetrahedron and averaged. Collinear antiferromagnetic
correlations cause the moment to be severely reduced on the
lower-right site. (c) Same as (a), but for the model that in-
cludes the collinear antiferromagnetic component. (d) Same
as (b), but for the fit in (c). The refined moments are shown
as black arrows, and the most closely matching spin configu-
ration drawn from the ψ2 and ψ3 basis states is overlaid with
gray arrows, showing good agreement.
figuration that is well aligned with a linear combination
of ψ2 and ψ3, as shown by the comparison of the black
arrows (refined moments averaged over all four tetrahe-
dra) and the gray arrows (best match from the expected
Γ5 structure) in Fig. 6(d). The slightly greater misalign-
ment of the lower-right moment is unlikely to have phys-
ical significance. Based on these free refinements, we can
conclude that the mPDF data alone are sufficient to de-
termine the SRO magnetic structure in NaSrCo2F7 and
NaCaCo2F7 without any prior knowledge. The success
of this approach for these materials portends well for
its application to other frustrated magnetic systems in
which little is known about the magnetic correlations.
As an additional check on the previous results, we per-
formed an alternative fit to the NaSrCo2F7 data at 2 K
somewhat in the style of “big-box”, atomistic model-
ing [19, 20]. We populated a large sphere (radius 50 A˚)
with magnetic moments at the Co positions determined
from the structural PDF refinements. Initially, the mo-
ments on each tetrahedron were set to randomly gen-
erated linear combinations of ψ2 and ψ3, with no sys-
tematic inter-tetrahedral correlations. The mPDF cal-
culated from such a configuration consists solely of a neg-
ative peak at the Co-Co nearest neighbor distance due
to the antiferromagnetic intra-tetrahedral correlations of
the ψ2 and ψ3 basis states; at larger r, the mPDF aver-
ages to zero.
Next, we programmed in short-range correlations by
allowing each tetrahedron to duplicate the tetrahe-
dron at the center of the sphere with a probability of
8exp(−r/ξ), where r is the distance separating a given
tetrahedron from the one at the center and ξ is the cho-
sen correlation length. We computed the mPDF from
this configuration, then generated another configuration
following the same protocol, averaged the new mPDF
with the first, and continued this procedure for a total
of 50,000 iterations. This was sufficient to ensure a very
high level of convergence. The same collinear AF com-
ponent used for the earlier mPDF modeling was then
included, and scale factors were refined for both compo-
nents, along with a correlation length for the collinear
AF component, to produce the best fit to the experi-
mental data.
This entire process was repeated using values of ξ
ranging from 5 A˚ to 20 A˚ in steps of 1.25 A˚. To esti-
mate the magnetic correlation length, we calculated the
goodness-of-fit parameter R =
∑
[Dobs−Dcalc]2∑
[Dobs]
2 for each
value of ξ. A broad minimum occurs with its center
around 10 ± 2 A˚. This is in good agreement with the
correlation length obtained from the simpler model, and
the fits from the two approaches are indistinguishable
from one another, confirming previous analysis.
We note that the above analyses represent the first
quantitative modeling of a genuinely short-range-ordered
magnetic ground state using the mPDF technique. Pre-
viously, this technique was used to investigate short-
range correlations in the paramagnetic state of a conven-
tional antiferromagnet [21], but not for a system lacking
long-range order at all temperatures. Not only does this
serve as a useful demonstration that the technique can
be applied successfully to frustrated magnets and other
systems with SRO magnetic ground states, but it also
highlights the intuitive appeal of viewing short-range
magnetic correlations directly in real space. By simple
inspection of the data, one can see the clear decay of
the correlations with r and make a reasonable estimate
of the correlation length without performing any analy-
sis. In the present case, a simple model was then able
to produce a quantitatively accurate fit to the mPDF
and yield physically meaningful information about the
magnetic structure. Moreover, the short-range magnetic
structure could be obtained naturally by performing un-
constrained refinements of the magnetic moment direc-
tions. The energy integration of the NOMAD instrument
also provided us with sensitivity to the collinear AF com-
ponent with no additional measurements(although with-
out the ability to distinguish between fluctuating and
static correlations), whereas comprehensive elastic and
inelastic scattering measurements were required to iden-
tify this component in the earlier single-crystal work.
Temperature-dependent polarized neutron scattering.
We now present the data obtained from polarized neu-
tron scattering measurements conducted on the D7 in-
strument at ILL with the xyz polarization method [16].
In this technique, 6 distinct scattering cross sections with
different polarization and spin-flip conditions are col-
lected at each temperature, and the magnetic scattering
FIG. 7. (Color online) (a) Magnetic scattering cross sec-
tion at various temperatures obtained by polarized neutron
scattering at the D7 instrument, offset vertically for clarity.
Structure in the diffuse scattering is observed up to 200 K.
The black dashed curve overlaid on the data collected at 300
K shows the square of the magnetic form factor. The black
solid curve for 2 K represents a fit generated from the Fourier
transform of the refined mPDF at that temperature. The
units on the vertical axis are barns per steradian per formula
unit.
is isolated by taking appropriate linear combinations.
Fig. 7 displays the resulting magnetic scattering cross
section of NaCaCo2F7 collected at several temperatures
ranging from 2 K to 300 K, offset vertically for clarity.
First, we consider the data collected at 300 K (cyan cir-
cles). The magnetic scattering is entirely featureless and
simply follows the square of the magnetic form factor
(dashed black curve), indicating there are no appreciable
magnetic correlations at 300 K. In contrast, the magnetic
scattering at 2 K (dark blue circles) is quite structured,
albeit still diffuse, as expected for short-range order. The
greatest intensity is centered around 1 A˚−1, consistent
with the NOMAD data, and smaller humps of scattering
can be seen at larger values of Q, most notably 2 A˚−1
and 2.7 A˚−1. At very low Q, a small increase in scattered
intensity is observed, which is likely an artifact of the im-
perfect separation of magnetic and non-magnetic cross
sections due to the presence of inelastic magnetic scatter-
ing [22]. The temperature-independent features around
2.0 A˚−1, 3.0 A˚−1, and 3.5 A˚−1 are likewise caused by
imperfect separation of nuclear Bragg peaks near those
positions.
These data in momentum space invite comparison
to the mPDF data obtained previously. To do so, we
9Fourier transform the refined mPDF back into momen-
tum space. The result of this is shown as the black curve
overlaid on the dark blue data points for 2 K in Fig. 7,
showing good agreement. The effects of inelastic scatter-
ing are evidently not overly problematic in the present
case due to the low energy scale of the inelastic magnetic
scattering in NaCaCo2F7. We note that the black curve
in Fig. 7 was fit to the scattering data by refining a scale
factor for the Fourier transformed mPDF and including
the magnetic form factor, allowed to vary slightly from
the empirical result expected for Co2+ with a full orbital
contribution [23]. The consistency between the refined
mPDF and the polarized neutron scattering data is fur-
ther evidence that the model of XY and collinear AF
correlations is correct and that the mPDF analysis pre-
sented previously is reliable. The success of the mPDF
measurements, which are experimentally quite simple
compared to the polarized neutron measurements, is ev-
idence of the power of the mPDF technique even when
the signal is quite small.
Now we examine the temperature dependence of the
magnetic scattering. With increasing temperature, the
structured features gradually lose intensity and become
increasingly poorly defined. At 70 K, only a broad
hump around 1 A˚−1 remains. However, this hump is
remarkably robust, remaining visible even in the data
collected at 200 K. Only for 250 K and 300 K is it
entirely absent. This demonstrates that magnetic cor-
relations persist up to at least 200 K in NaCaCo2F7,
approximately two orders of magnitude larger than the
spin freezing temperature. We suggest that this persis-
tent high-temperature diffuse scattering is primarily due
to the short-range collinear AF fluctuations, since the
strongest feature in the mPDF data at the highest mea-
sured temperature was the nearest-neighbor AF peak.
The presence of these correlations at such high temper-
atures demonstrates that the intrinsic magnetic interac-
tions in NaCaCo2F7 are quite strong and is consistent
with the high Curie-Weiss temperature |ΘCW| ≈ 140 K;
that the spin freezing temperature is so low highlights
the dramatic effects of geometric frustration.
CONCLUSION
We have reported temperature-dependent neutron to-
tal scattering and polarized neutron scattering mea-
surements of NaCaCo2F7 and NaSrCo2F7. The po-
larized neutron data revealed magnetic correlations in
NaCaCo2F7 that persist up to 200 K, which we iden-
tified as primarily near-neighbor AF correlations based
on mPDF analysis of the neutron total scattering data.
These findings demonstrate that the magnetic interac-
tions in these new fluoride pyrochlore systems are strong,
supporting the notion that they offer the valuable op-
portunity to study frustration-related effects at signif-
icantly higher temperatures than is possible for oxide
pyrochlores. Additionally, through mPDF modeling of
the low-temperature neutron total scattering data, we
confirmed that the basic nature of the magnetic ground
state of NaCaCo2F7 and NaSrCo2F7 consists of short-
range XY-type correlations with a characteristic length
scale of ∼ 10 A˚ accompanied by collinear AF fluctuations
restricted primarily to near-neighbor moments [8, 11].
This work has also advanced the mPDF technique. We
have demonstrated that this method can be applied suc-
cessfully to geometrically frustrated systems possessing
SRO ground states, allowing an analysis of local mag-
netic correlations directly in real space. In the present
case, unconstrained fits were able to determine the short-
range magnetic structure directly with a high degree of
accuracy. Because mPDF measurements are performed
on powder samples, this technique can be used even
when single-crystal specimens are unavailable. We have
also presented a procedure for extracting small mPDF
signals from non-ideal PDF data in which backgrounds
and imperfections in the atomic PDF refinement are
comparable to the magnitude of the mPDF. We expect
this approach to be useful for future mPDF experiments.
Finally, this work represents the first direct comparison
between mPDF analysis and polarized neutron scatter-
ing measurements, providing further experimental veri-
fication of the mPDF technique.
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